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1.  TECHNICAL  SUMMARIES 


A.  MBE  GROWTH  AND  DEVICES 

1.  Heterostructures  Grown  by  Molecular  Beam  Epitaxy  (W.  Wang) 

a.  First  Integration  of  a  Modulation-doped  FET  and  a  Resonant  Tunneling  Diode:  We 
demonstrated  the  first  integration  of  a  modulation-doped  FET  and  a  resonant  tunneling  diode, 
which  we  called  "A  Two-dimensional  Electron  Gas  Modulated  Resonant  Tunneling  Transistor." 
Three-terminal  resonant  tunneling  devices  have  been  explored  in  the  hope  of  exploiting  the  high 
speed  of  the  tunneling  process  and  the  increased  function  of  a  device  which  exhibits  a  bi-stable 
input  or  output  characteristic.  To  date  resonant  tunneling  stmctures  have  been  incorporated  into  a 
wide  variety  of  transistor  structures,  but  unfortunately  the  ultimate  operating  speed  of  those 
proposed  devices  is  not  close  to  that  of  the  resonant  turmeling  process  because  the  speed  is  limited 
by  the  FET  or  HBT  structure  in  which  the  device  is  incorporated.  In  this  context,  we  have 
demonstrated  the  operation  of  a  novel  three-terminal  resonant  turmeling  device  that  operates  on  a 
principle  fimdamentally  different  from  those  previously  proposed  and  which  has  the  potential  for 
operation  speeds  close  to  that  of  a  discrete  resonant  turmeling  diode.  The  device  called  a  two- 
dimensional  electron  gas  modulated  resonant  tunneling  transistor  consists  of  an  AlGaAs/GaAs 
(planar)  modulation-doped  structure  grown  on  top  of  an  AlAs/GaAs  double-barrier  resonant 
tunneling  heterostructure.  Resonant  mnneling  transport  between  the  source  and  drain  is  controlled 
by  the  drain-to-source  voltage  while  the  gate  voltage  con'jols  the  number  of  carriers  available  for 
the  tunneling  process  by  modulating  the  density  of  carriers  in  a  two-dimensional  electron  gas. 
Since  the  drain-to-source  transit  time  is  essentially  the  tunneling  time,  high  speed  operation  is 
Umited  by  the  RC  time  constants  associated  with  the  gate  and  the  resonant  turmeling  diode  portion 
of  the  device.  In  an  optimized  device  structure  and  process,  these  time  constants  can  be  minimized 
to  yield  operation  speeds  well  into  the  hundred  gigahertz  range,  which  would  be  only  a  factor  of  2 
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or  3  lower  than  the  speed  associated  with  the  resonant  tunneling  diode.  In  addition  to  high 
operation  speeds,  many  of  the  complex  analog  and  digital  circuit  functions  realized  by  the  other 
resonant  tunneling  transistors  are  possible  with  this  device,  such  as  a  microwave  power  oscillator 
and  single  transistor  flip-flop. 


b.  Existence  of  Internal  Piezoelectric  Fields  in  GalnSb/InAs.  Strained  Laver  Superlattices: 
We  demonstrated  by  optical  induced  femtosecond  electromagnetic  pulses  the  existence  of  the 
internal  piezoelectric  fields  in  GalnSb/InAs  strained  layer  superlattices  for  the  first  time  (in 
collaboration  with  D.  H.  Auston).  Theoretical  studies  have  indicated  that  strained-layer  multi¬ 
quantum  wells  grown  in  the  (N1 1)  axis  exhibit  large  built-in  electric  fields  that  arise  fiom  the 
piezoelectric  effect,  while  those  grown  on  (1(X))  substrate  will  not  We  have  demonstrated  for  the 
first  time  the  equal  strength  but  opposite  direction  of  strained-induced  piezoelectric  fields  for 
GalnSn/InAs  superlattices  grown  in  (311)A  and  (311)B  orientations.  Previously  under  this 
program,  in  collaboration  with  Eh.  Ben  Shanabrook  et  al.  of  NRL,  we  have  demonstrated  the 
screening  of  the  intemal  piezoelectric  field  in  (1 1 1)B  GaSb/AlSb  strained  multilayo-  structures  by 
optically  generated  free  carriers,  which  is  the  pinciple  for  optically-controlled  optical  switch.  The 
present  work  confirmed  that  the  electric  fields  associated  with  A-  and  B-  face  have  opposite 
directions,  as  predicted  by  DX.  Smith  of  Livermore  Laboratory. 

c.  Growth  of  High  Quality  GaAs  Single  Quantum  Wells:  We  demonstrated  the  growth  of 
high  quality  GaAs  single  quantum  wells  at  low  temperature  by  modulated  beam  epitaxy.  High 
quality  AlGaAsAJaAs  quantum  wells  have  been  successfully  grown  at  low  temp>eratuies  (5(X)  *C) 
by  a  modulated  beam  epitaxy  process  in  which  the  Group  HI  flux  is  held  constant  while  the  Group 
V  (As)  flux  is  periodically  shut  off  to  produce  a  metal-rich  surface.  The  low  temperature 
photoluminescence  (PL)  of  single  quantum  wells  grown  with  this  technique  exhibit  full-width  at 
half  maximum  values  comparable  to  the  best  attainable  by  higher  temperature  growth  techniques. 
The  narrowness  of  the  observed  PL  spectra  is  attributed  to  a  smoothing  of  the  growth  front  and  a 


reduction  of  excess  As  during  the  modulated  beam  epitaxy  growth  process.  Both  of  these 
improvements  are  a  result  of  the  metal-rich  condition  which  is  produced  when  the  As  is  shut-off  in 
nKxiulated  beam  epitaxy  process.  Under  metal-rich  conditions,  both  the  metal  migration  on  the 
surface  and  As  incorporation  are  enhanced  over  the  normal  As  rich  growth  condition.  The  ability 
of  this  technique  to  rapidly  smooth  an  unreconstructed  substrate  smface  was  directly  observed  by 
monitoring  reflection  high  energy  diffraction  patterns  during  standard  MBE  and  modulated  beam 
epitaxial  growth.  GaAs  quantum  well  lasers  grown  with  this  technique  exhibit  the  lowest 
threshold  current  densities  (<lkA/cm2)  of  any  low  temperature  grown  device,  and  further  confirm 
the  ability  of  this  technique  to  produce  high  quality  AlGaAs  layers  and  GaAs  quantum  wells  at  low 
growth  temperatures.  The  high  growth  rates  of  the  modulated  beam  epitaxy  process  make  this 
technique  a  more  attractive  alternative  than  migration  enhanced  epitaxy  and  other  growth 
interruption  techniques  for  the  low  temperature  growth  of  high  quality  quantum  well  structures. 

d.  Low  Temperature  Growth  of  GaAs  Quantum  Well  Lasers  bv  Modulated  Beam  Epitaxy: 
GaAs  single  quantum  well  lasers  have  been  successfully  grown  at  low  temperatures  (500*  C)  by  a 
modulated  beam  epitaxy  process  in  which  the  Al/Ga  fltix  is  held  constant  while  the  As  flux  is 
periodically  shut  off  to  produce  a  metal-rich  surface.  The  threshold  current  densities  (<lkA/cm2) 
of  lasers  grown  by  this  technique  are  lower  than  normally  grown  low  temperature  lasers  and  are 
the  lowest  achieved  by  any  low  substrate  temperature  growth  technique.  The  improvement  in 
threshold  current  density  is  attributed  to  both  an  improved  inverted  quantum  well  interface  and  a 
reduction  in  excess  As  related  defects.  Improvement  of  the  inverted  quantum  well  interface  (i.e., 
GaAs  on  top  of  AlGaAs)  is  a  result  of  the  metal-rich  condition  created  when  the  As  shutter  is 
closed.  Under  metal-rich  conditions  the  surface  mobility  of  group  in  adatoms  is  enhanced 
producing  a  smoother  growth  front  Furthermore,  a  Ga-rich  surface  takes  up  As  much  more 
efficiently  than  a  borderline  Ga-rich  surface.  Therefore,  the  modulated  beam  epitaxy  process 
allows  the  low  temperature  growth  of  AlGaAs  layers  at  a  lower  total  As  flux  than  is  typically 
possible  in  a  normal  MBE  growth  process.  As  a  result,  the  amount  of  excess  As,  which  are  often 
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associated  with  non-radiative  recombination  centers,  is  reduced  by  the  modulated  beam  epitaxy 
process.  Furthermore,  this  modulated  beam  epitaxy  process  is  a  more  practical  alternative  for  the 
growth  of  laser  structures  than  migration  enhanced  epitaxy  due  to  its  high  growth  rate,  less 
frequent  shutter  operation  and  less  background  impurity  incorporation  (no  growth  interruptions). 

e.  MBE  Growth  of  High  Mobility  GaSb  and  Pin  Diode  with  High  Breakdown  Voltage:  The 
p-type  nature  of  unintentionally  doped  GaSb  molecular  beam  epitaxy  grown  layers  has  been 
attributed  to  native  defects  resulting  from  insufficient  Sb  incorporation.  Since  the  (1 1 1)B 
orientation  provides  the  most  Sb-rich  environment  for  GaSb  epilayer  growth,  it  should  result  in 
fewer  defects  associated  with  the  deficiency  of  Sb.  We  have  grown  GaSb  pin  diode  stractures  on 
(1 1 1)B  GaSb  and  found  that  the  breakdown  voltages  are  consistently  higher  than  those  grown  on 
(100)  substrates  side-by-side.  In  addition,  since  the  growth  on  the  (1 1 1)  orientation  is  in  general 
much  more  difficult  than  (100),  we  propose  that  the  (311)B  orientation  provides  more  optimal 
growth  conditions  for  GaSb  since  the  (31 1)B  orientation  still  retains  50%  of  the  (11  l)B-like  Sb- 
rich  character,  and  it  also  supports  a  (l(X))-like  monolayer  growth  mode  which  is  less  plagued  with 
defects  than  (111)  growth.  To  suppon  this  claim,  growth  on  (31 1)B  substrates  was  studied  and 
shown  to  produce  Te-doped  GaSb  layers  with  room  temperature  mobilities  of  6780  cm^A^-s  at 
carrier  densities  of  9x10^5  cm'^  and  AlGaSb/GaSb  p-i-n  diode  structures  with  breakdown  voltages 
as  high  as  20  V.  This  n-type  mobility  is  an  improvement  over  that  reported  by  Chen  and  Cho 
rJAP  70 , 277  (1991)],  5114  cm^A^-s  at  a  carrier  density  of  3.8x10^^  cm'^,  and  presendy 
represents  the  highest  value  achieved  for  molecular  beam  epitaxy  grown  GaSb.  Presumably,  the 
high  mobilities  and  high  breakdown  voltages  achieved  are  due  to  a  reduction  of  native  acceptor- 
type  defects  and  can  be  improved  in  the  future  through  further  refinement  of  the  growth  process. 

f.  Photo-Hall  Studies  of  High  Purity  GaAs  Grown  bv  Molecular  Beam  Epitaxy:  We  have 


grown  high  purity  GaAs  that  exhibits  liquid  nitrogen  mobility  of  180,000  cm^A^-sec  and  a  peak 
mobility  of  3(X),000  cm^A^-sec  at  45K  at  a  layer  thickness  as  thin  as  1 1  um.  Due  to  the  significant 


electron  trapping  by  surface  and  interface  states  at  low  temperatures,  the  epitaxial  layer  becomes 
semi-insulating  which  is  difficult  to  characterize.  To  facilitate  the  electrical  measurements,  at 
4.2  K,  the  sample  is  momentarily  illuminated  by  above  bandgap  light,  which  causes  a  reduction  in 
surface  and  interface  depletion  region.  After  illumination,  the  effect  of  photoinduced  charge  neutral 
region  persists  until,  at  some  higher  temperature,  the  charge  distribution  in  the  sample  relaxes  back 
to  its  original  equilibrium  state.  Results  of  variable  temperature  K"‘ll  measurements  (in 
collaboration  with  Dr.  M.  H.  Kim,  Bandgap  Technology,  Inc.,  and  G.  E.  Stillman,  Univ.  of 
Illinois),  performed  under  these  conditions,  show  that  the  sheet  concentration  is  increased  as 
compared  to  measurements  obtained  in  the  dark,  but  that  mobility  is  unchanged.  The  increase  in 
sheet  carrier  concentration  after  illumination  results  from  the  decrease  of  the  surface  and  interface 
depletion  widths.  Such  measurements  can  provide  a  method  for  judging  the  quality  of  layers  that 
are  fully  depleted  of  free  carriers  at  low  temperature  in  the  dark.  These  results  are  published  in  i. 
Applied  Physics  70,  7425  (1991). 

£.  P-tvpe  Doping  of  Molecular  Beam  Epitaxy  (MBE)  Grown  GaSb  bv  Ge  and  Sn:  We 
demonstrated  P-type  doping  of  molecular  beam  epitaxy  (MBE)  grown  GaSb  by  Ge  and  Sn  for  the 
first  time.  Both  impurities  are  well  behaved  with  demonstrated  free  acceptor  concentrations  as  high 
as  2x10^^  cm'3  for  Ge  and  5x101*  cm'3  for  Sn.  In  addition,  reflection  high-energy  electron 
diffraction  (RHEED)  measurements  during  growth  indicate  that  Sn  segregation,  which  is  common 
in  GaAs,  does  not  occur  in  GaSb.  The  absence  of  Sn  segregation  as  well  as  the  p-type  nature  of 
Ge  and  Sn  dopants  is  attributed  to  the  large  covalent  bond  radius  of  Sb.  These  dopants  are 
important  since  they  provide  an  excellent  alternative  to  Be  for  p-type  doping  of  Sb  based  materials. 
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2.  Interface  Chemical  ModiHcation  of  Metal  on  Superconductor-Semiconductor 
Systems  (E.  Yang) 

a.  GaAs  Surfaces  and  Schottkv  Barriers:  We  have  studied  the  gallium  arsenide  surfaces  by 
exposing  them  to  ultraviolet  light  and  found  enhanced  reaction  with  oxygen.^  Making  use  of  UV- 
grown  oxide,  we  have  fabricated  Schottky  barriers  with  a  barrier  height  strongly  dependent  on  the 
interface  oxide  layer  2  It  was  found  that  the  GaAs  surface  can  be  chemically  modified  to  bring 
about  the  control  of  the  Schottky  barrier.^  Oxidation  appears  to  shift  the  surface  states  toward  the 
band  edges  allowing  a  wider  range  of  Fermi  level  movements.^  Thus,  the  altered  interface 
chemistry  is  shown  to  be  important  for  Schottky  barrier  formation.  The  dependence  of  the  deep- 
level  ELZ  on  the  Schottky  barrier  height  was  measured  by  DLTS.^ 

b.  High  Temperature  Superconducting  fHTCS)  Film  on  Silicon:  Superconducting 
YBaCuO  films  have  been  formed  by  rapid  thermal  annealing  of  a  multi-layered  structure  on  MgO, 
with  a  zero  resistance  temperature  at  84K.^  Similar  results  were  obtained  for  YBaCuO  on  Si02.^ 
With  the  same  process  on  silicon,  silicon  was  found  to  diffuse  throughout  the  superconducting 
film,  and  it  destroyed  the  superconductivity.^  The  inhibition  of  superconductivity,  because  of  Si- 
YBaCuO  intermixing  was  found  to  be  useful  to  form  patterns  of  HTCS  with  a  line  width  as  narrow 
as  2.5  pm.9.10  The  method  of  patterning  eliminates  the  need  for  chemical  processing  and  is  now 
known  as  reaction  patterning.  A  patent  was  issued  to  Columbia  in  Dec.  1991.^^  With  the  ability 
to  fabricate  line  structures,  we  produced  a  cunent  controlled  HTCS  switch  using  the  critical  current 
as  the  reference  for  switching.  ^2  Some  logic  circuits  were  also  proposed. 

A  key  issue  of  practical  importance  is  the  ohmic  contact  between  HTCS  and  normal  metal. 
We  have  studied  the  interface  chemistry  and  resistance  at  Metal-HTCS  contacts.  Although  Au,  Pt 
and  Pd  have  similar  contact  resistivity  at  room  temperature,  only  Au  contact  experiences  a  large 
decrease  in  contact  resistance  at  77K.^3  For  other  metals  with  high  contact  resistance,  a  thin 
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interface  Au  layer  of  lOA  is  sufficient  to  bring  it  down  by  2-3  order  of  magnitude.  Application 
of  this  technique  to  Nb/Au,  Al/Au  and  Cu/Au  bimetal  contacts  were  also  completed. 

A  large  resistive  transition  between  160-200K  had  been  observed  in  YsBa^CuilOx  films. 

c.  Optically  Induced  Electromagnetic  Radiation  From  Semiconductor  Surfaces:  Ultrafast 
electromagnetic  radiation  induced  by  a  femtosecond  laser  beam  from  a  semiconductor  provides 
determination  of  the  impurity  doping  concentration,  carrier  mobility,  sign,  and  strength  of  the 
depletion  field  near  the  semiconductor  surface. 

d-  AlGaAs/GaAs  Heteroiunction  Bipolar  Transistors:  We  fabricated  the  first  two- 
dimensional  electron  gas  (2-DEG)  emitter  heterojunction  bipolar  transistor.  This  device,  which 
was  grown  by  molecular  beam  epitaxy,  incorporates  an  undoped  GaAs  spacer  between  the  emitter 
and  base  of  a  standard  AlGaAs/GaAs  single-heterojunction  bipolar  transistor.  The  introduction  of 
the  spacer  layer  causes  the  formation  of  a  2-DEG  at  the  AlGaAs/GaAs  interface.  This  2-DEG 
defines  the  emitter  side  of  the  junction  and  produces  an  emitter-base  characteristic  similar  to  that  of 
the  collector  GaAs  homojunction.  Using  a  300  A  GaAs  spacer,  offset  voltages  as  low  as  30  mV 
have  been  attained.  These  devices  also  exhibit  current  gains  greater  than  10  at  emitter  current 
densities  of  3  A/cm^  and  gains  up  to  400  in  the  high  current  density  regime. 

We  performed  the  first  experiment  of  Electron  Cyclotron  Resonance  (ERC)  hydrogen  (H) 
and  nitrogen  (N)  plasma  surface  passivation  on  the  AlGaAs/GaAs  heterojunction  bipolar  transistor 
(HBT).20  As  a  result  of  the  plasma  processing,  the  base  current  ideality  factor  was  improved  from 
2.67  to  1.96,  and  the  maximum  current  gain  was  increased  from  720  to  1000.  In  the  low  current 
regime,  the  base  current  was  reduced  by  two  orders  of  magnitude.  The  nitride  layer  grown  by 
nitrogen  plasma  passivates  the  GaAs  surface  and  is  stable  for  weeks  without  degradation. 
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B.  LASER  SURFACE  INTERACTIONS 


1.  Laser  and  Atom  Surface  Interactions  and  In  Situ  Diagnostics  of  Surface 
Chemistry  During  Electronic  Processing  (R.  Osgood) 

During  this  final  year,  our  research  program  has  concentrated  on  ECR  plasma  and 
oxidation,  and  oxidation  removal  (surface  cleaning)  of  GaAs,  GaSb,  and  InAs.  In  the  first 
investigation,  we  have  used  UHV  diagnostics  in  the  form  of  high  resolution  XPS  and  LEED  to 
study  the  chen  'stry  of  oxidation  and  reactive  surface  cleaning  by  an  ECR  plasma  source  (Dr. 
William  Holber  at  IBM).  Important  portions  of  the  work  have  been  done  in  collaboration  with 
Professors  Yang  and  Wang  and  their  students.  The  investigation  has  had  three  major  successes: 

1)  the  development  of  a  specific  low  temperature  procedure  for  oxide  removal  and  restored  surface 
crystallinity  for  GaAs;  2)  the  first  demonstration  of  the  use  of  ECR  plasma  surface  preparation  for 
GaSb;  and  3)  the  demonstration  of  the  applicability  of  this  technique  for  the  improvement  of  device 
operation  for  devices  made  of  GaAs  and  GaSb.  In  addition,  our  work  has  emphasized  obtaining  a 
fundamental  understanding  of  the  associated  surface  chemistry  on  the  semiconduaor  surface. 
Thus,  we  have  measured  shifts  in  the  valence  state  of  the  oxide  with  temperature  as  well  as  its 
temperature  dependent  shift  in  composition. 

The  application  and  removal  of  surface  oxide  of  compound  semiconductors  has  several 
important  near  term  applications.  First,  GaAs  oxides  are  being  used  with  increasing  frequency  for 
in  situ  masking  during  patterning  of  GaAs-based  materials;  second,  in  situ  oxides  for  an  important 
intentional  or  coincidental  capping  structure  which  must  be  removed  prior  to  MBE  or  MOCVD 
growth.  The  removal  must  be  done  at  low  temperatures  and  without  pitting  or  damaging  the 
crystallinity  of  the  substrate  surface. 

The  surface  chemistry  of  GaAs-oxide  removal  with  electron  cyclotron  resonance  (ECR) 
hydrogen  plasma  has  been  investigated  with  monochromatic  X-ray  photoelectron  spectroscopy 
(MXPS).^  It  was  found  that  As-oxide  is  efficiently  removed  at  room  temperature,  and  heating 
expedited  the  removal  of  Ga-oxide  (see  Fig.  1).  Band  bending  change,  which  correlates  with  the 


10 


surface  state  density  changes  dining  ECR  hydrogen-plasma  oxide  reduction,  was  also  observed 
(Fig.  2).  This  type  of  band  bending  change  could  well  be  responsible  for  hydrogen  plasma 
passivation  effects  on  many  GaAs  based  devices  including  the  significant  passivation  effect  on 
GaAs/AlGaAs  heterojunction  bipolar  transistor^  as  we  will  discuss  later. 


n-GaAs(IOO)  oxide  reduction  by  ECR-H 


1336  1326  1316  1120  1117  1114  543  533  523 

binding  energy  (eV) 


Figure  1.  XPS  spectra  of  the  As  2p3/2,  Ga  2p3/2  and  O  Is  core  levels  firom  n-GaAs  (100):  (a)  fw  the  initial 
surface  prepared  by  H2S04:H202:H20  (10: 1 : 1)  solution  after  solvent  cleaning;  (b)  after  ECR  hydrogen  plasma 
processing  for  10  min.  at  room  temperature;  (c)  with  an  additional  20  min.  exposure  at  room  temperature;  (d)  after 
fuithCT  processing  for  20  min.  at  170‘C  sample  temperature;  (e)  aftar  an  additional  20  min.  processing  at  2^*C  and  a 
fmal  20  min.  pressing  at  3S0*C  sample  temperature;  (f)  spectra  from  a  Ar^  sputtered  and  aimealed  sample  to  show 
the  characteristics  of  a  completely  clean  surface. 


XPS  intensity  (a.u.) 


n-GaAs  (110)  Oxide  Reduction  by  ECR  Hydrogen 


Figure  2.  XPS  specoa  of  the  As  2p3/2  andGa  2p3/2  core  levels  from  n-GaAs  (1 10):  (a)  for  the  inirial  surface 
prepared  by  50%  NH4OH  (1  min.)  after  solvent  cleaning;  (b)  after  ECR  hydrogen  plasma  processing  for  20  min.  at 
room  temperature;  (c)  with  an  additional  20  min.  exposure  at  room  temperature;  (d)  after  ftirther  processing  for  IS 
min.  at  room  temperature;  (e)  after  an  additional  20  min.  processing  at  300’C  sample  temperamre;  (f)  final  20  min. 
processing  at  300*C  sample  temperature. 


ECR  oxidation  at  room  temperature  forms  a  stoichiometric  oxide  layCT  which  is  primarily 
composed  of  AS2O5  and  Ga203  (see  Hg.  3  and  Fig.  4).  A  low  enwgy  electron  diffraction  study 
(LEED)  observation  showed  that  a  hydrogen  plasma  can  effectively  clean  GaAs  surfaces  and 
recover  surface  order,  even  at  room  temperature.  Sample  heating  (200-300*Q  expedited  the 
removal  of  Ga203  and  improved  surface  order.^ 
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AES  peak 


I  I  i  I  i  r 

1326 

Binding  Energy  (eV) 


Sputtering  time  (min.) 

■  carbon  +  oxygen  0  Ga  A  As 

Figure  3.  AES  depth  profile  of  ECR  oxidized  Figure  4.  Oxidized  GaAs  surfaces  formed  under 
(1 10)  n-GaAs  surfaces,  (a)  ECR  oxidation  for  S  different  oxidation  conditions,  (a)  ECR  oxidation; 

min.  (oxide  thickness  is  22. 1  A);  (b)  oxidation  plus  (b)  193-iun  excimer  laser  grown  oxide;  (c) 
post  heating  at  3S0*C  for  10  min.  to  convert  the  thermally  grown  oxide;  (d)  chemically  cleaned 
chemical  structure  of  the  oxide;  (c)  oxidation  plus  surface, 

post  heating  at  S40*C  for  IS  min.  which  leaves  the 
oxide  Ga-rich. 

We  have  also  studied  a  thennal  reaction  of  AS2O5  with  GaAs  at  temperatures  below  500*C 
using  MXPS.^  A  solid-state  interface  reaction  of  4GaAs  -1-  3AS2O5  2Ga203  +  3AS2O3  +  4As, 
which  includes  the  usual  native  oxide  thermal  reaction  of  2GaAs  +  As2C)3  — >  Ga203  +  4  As,  as 
well  as  a  decomposition  reaction  of  AS2O5  AS2O3  +  O2,  is  responsible  for  the  thermal  reaction 
in  this  temperature  range  as  shown  in  Fig.  5. 
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rn—i^i'T 


abefore;  b:during:  crofter  thermd  GoAs-oxide  reaction 


Figure  5.  XPS  spectra  of  As  2p3/2,  Ga  2p3/2, 0  is,  and  Ga  LMM,  for  (a)  AR'*’  sputtering  and  annealed  clean 
surface  and  then  exposed  to  ECR  oxygen  for  30  sec.;  (b)  during  the  thermal  conversion;  (c)  after  the  thermal 
conversion. 

Similar  ECR-H  oxide  removal  studies  have  also  been  carried  out  on  GaSb  surface,^  a 
material  which  has  attracted  a  lot  of  interest  recently  for  its  applications  in  optoelectronic  devices. 
Our  experiments  indicate  that  Sb-oxide  removal  occurs  at  room  temperature  while  Ga-oxide 
removal  occurs  at  a  temperature  of  ~250*C,  much  lower  than  that  for  thermal  evaporation  of  oxide 
(see  Fig.  5).  In  addition,  we  have  found  that  subsequent  exposure  of  N2  plasma  leaves  a  thin 
nitride  layer  which  prevents  degradation  of  the  H-cleaned  surface  and  passivates  the  surface. 

We  have  applied  this  technique  to  the  processing  of  an  AlGaSb  PIN  photodiode,  which  is 
fabricated  of  naolecular-beam-epitaxy  material.  Our  electrical  measurement  shows  that  the  leakage 
current,  after  surface  Sb-oxide  removal,  is  significantly  reduced  from  that  before  the  ECR-H 
treatment  (see  Fig.  6). 
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Reverse  l-V  measurement  of  PIN  photodiode 


Figure  6.  Reverse  I-V  curve  of  PIN  photodetector. 


Significant  passivation  effect  has  also  been  seen  on  AlGaAs/GaAs  heteiojuncion  bipolar 
transistors  by  using  ECR  hydrogen  and  nitrogen  plasma.  As  a  result  of  the  plasma  processing,  the 
base  current  ideality  factor  is  improved  from  2.67  to  1.96,  and  the  maximum  current  gain  is 
increased  from  720  to  1000.  In  the  low-current  regime,  the  base  current  is  reduced  by  two  orders 
of  magnimde. 

Our  work  on  oxide  removal  by  ECR  hydrogen  plasma  has  large  potential  for  molecular 
beam  epitaxy  applications.  While  MBE  growth  techniques  have  enjoyed  great  success  for  the 
fabricatitni  of  semiconductor  materials  with  novel  electrical  properties,  the  regiowth  of  marwiak  on 
previously  processed  wafers  has  not  been  extensively  exploited.  The  main  obstacle  for  GaAs 
regrowth  is  that  standard  growth  preparation  involves  thermal  cyding  of  a  substrate  to  ~  600*’  C  to 
remove  surface  oxides  and  other  contamination.  Besides  its  inefficiency  in  removing  carbon 
contamination,  this  thermal  processing  degrades  the  sharp  interfaces  grown  by  MBE,  especially  in 
the  case  of  superlattice  quantum  layer  materials,  and  pits  the  surface. 
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Our  group  has  found  that  hydrogen  plasmas  can  be  used  to  effectively  remove  surface 


contamination  (oxygen  and  carbon)  from  GaAs  resulting  in  well  ordered  surfaces  at  much  lower 
temperatures  than  those  of  standard  techniques.  The  ability  to  remove,  effectively  and  selectively, 
G'' As-oxide  on  a  GaAs  substrate  by  a  hydrogen  plasma  will  stimulate  interest  in  its  use  for  GaAs 
surface  preparation  and  fabrication. 
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2.  In  Situ  Optical  Diagnostics  of  Semiconductors  Prepared  by  Laser 
Chemical  Processing  and  Other  Novel  Methods  (I.  Herman) 


A  model  was  developed  that  successfully  describes  etching  of  Cu  films  by  Q2,  as  shown 
in  Figure  1.  It  uses  the  calculated  thermal  distribution  induced  by  the  laser,  and  works  best  when 
the  copper  chloride  film  formed  is  thin. 


Figure  1.  The  etched  copper  depth  (points  for  experimental  data,  lines  for  model  simulation)  on  a  passivated  copper 
film  (2.0  mm  diick,  IS  min.  oxidation  at  150°C)  vs.  incident  laser  power  after  the  film  was  inadiated  by  a  scanning 
laser  beam  (4880  A,  200  mm/sec  scan  rate)  for  (hffeient  chlcxine  pressures.  The  open  circles,  closed  circles,  qpen 
squares,  closed  squares,  opoi  triangles,  and  closed  triangles  represent  data  taken  at  1. 2, 3, 5, 7,  and  10  Torr  CI2, 
respectively. 


Polarizantm  Raman  scattering  was  used  as  an  in  situ  probe  of  laser  melting  and  etching  in 
silicon.  In  particular,  the  peak  height  of  the  difference  between  the  Raman  spectra  during  laser 
melting  and  a2-assisted  etching  of  c-Si  (Figure  2)  is  very  similar  to  the  etch  depth  (Figure  3) 
making  Raman  scattering  a  valuable  real-time  probe  of  etching. 
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F^iure  2.  The  peak  height  of  the  difference 
between  the  z(x;c)z  Raman  ^tra  dining 
c-Si  melting  (100  Torr  argon)  and  melting- 
assisted  etching  using  either  mixture  A 
(open  circles)  and  mixture  B  (solid  circles) 
iiiiring  ^fanning  by  a  laser  (1.6  W)  in  the 
xdir^on. 


Figure  3.  Proniometry  measurement  of 
the  etched  line  depth  vs.  laser  scan  speed 
after  c-Si  melting-induced  etching  (1.6  W). 
The  etchants  are  0.3  Torr  CI2/IOO  Torr  Ar 
(mixture  A,  open  circles)  and  0.7  Tot 
CI2/IOO  Tot  Ar  (mixture  B,  solid  circles). 


Light  emitting  parous  silicon  films  grown  by  H.  Temkin  and  G.  Higashi  at  AT&T  Bell 
Laboratories  were  examined  by  Raman  analysis.  A  typical  spectrum  is  shown  in  Figure  4,  which 
was  fit  to  a  model  of  phtmon  confinement  in  Figure  5.  Spectra  were  independent  of  polarization, 
with  data  collected  (Figure  6)  and  compared  to  the  model.  The  localized  structure  is  sphere-like 
rather  than  rod-like,  with  a  lateral  dimension  of  ~  2.5  -  3.0  nm. 
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Fignre  4.  The  unpolarized  Raman 
spectrum  of  a  thick  light-emitting  porous 
silicon  film  with  the  Raman  specmun  of 
c-Si  shown  for  comparison,  llie  background 
in  the  porous  silicon  spectrum  is  due  to  the 
tail  of  the  photoluminescence  spectrum. 


Raman  Shift  (1/cm) 


Figure  5.  The  background-subtracteu 
Raman  spectrum  of  porous  silicon  fiom 
Figure  4  compared  with  the  spectrum 
calculated  for  a  sphere  with  diameter 
L  =  29  A  (dashed  line). 


Figure  6.  The  calculated  relationship 
betweoi  the  Raman  width.  Raman  shiJft 
relative  to  that  of  c-Si,  and  the  nanocrystal 
size  L  for  spherically-shaped  nanocrystals 
(curve  A,  L  is  the  ^ere  diameter)  and 
cylindrically-shaped  nanocrystals  (curve 
B,  L  is  the  cylinder  diameter).  The  triangles 
[circles]  are  the  experimental  data  with 
perpendkular  [parallel]  incident  and  Raman 
polarizations,  such  as  z(x,y)2  [z(x.x)z]  with 
respect  to  the  unetched  Si  wafer,  taken  on 
different  places  on  and  along  the  edge  of  the 
film.  The  squares  are  published  Raman  data 
for  |ic-Si,  with  the  crystallite  dimensions 
list^  fiom  X-iay  diffiaction. 
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CRYSTAL  SIZE  L  (nm) 


Studies  of  changing  biaxial  strains  in  senuconductor  epilayers  by  applying  hydrostatic 
pressure  continued.  A  model  was  developed  that  shows  that  in  strained  layer  heterostructures 
made  of  senuconductors  firom  the  same  series,  pressure  always  reduces  strain,  but  can  never  make 
the  structure  firee  of  strain  (Figure  7).  This  strain  free  crossover  can  only  occur  in  heterostractures 
made  of  semiconductors  firom  different  series,  and  then  only  when  the  phase  transition  pressure  is 
suitably  high  (Figure  8).  Use  of  the  exact  form  of  Mumhagan  equations  is  necessary  in  these 


strain  analyses  (Rgures  7  -  9). 


Figure  7.  Linear,  quasi-linear,  quadratic 
and  exact  results  for  biaxial  strain  at  room 
temperature  are  plotted  versus  applied 
hydrostatic  pressure  for  a  Si  epdaya  grown 
on  a  Ge  substrate,  which  is  a  same-series 
semiconductor  heterostructure.  Pt  denotes 
the  lower  of  the  two  phase  transistion 
pressures  of  the  heterostructure  component, 
i.e.  for  Ge. 


Figure  8.  Linear,  quasi-linear,  quadratic 
and  exact  results  for  biaxial  strain  at  room 
temperature  are  plotted  versus  applied 
hydrostatic  pressure  for  a  ZnSe  qjilayer 
grown  on  a  GaAs  substrate.  In  this 
different-series  semiconductor 
heterostructure,  each  model  predicts 
crossover  through  a  strain-free  condition  at 
pressures  lower  than  the  phase  transition 
pressure  in  each  layer,  which  is  in  contrast 
to  what  happens  in  most  other  different 
series  heterostractures.  Pt  denotes  the  lower 
of  the  two  phase  transition  pressures  of  the 
heterostructure  components,  i.e.  for  ZnSe. 


Figure  9.  Linear,  quasi-linear,  quadratic 
and  exact  results  for  biaxial  strain  at  room 
temperature  are  plotted  versus  applied 
hydrostatic  pressure  for  an  InAs  epilayer 
grown  on  a  ZnTe  substrate.  In  this  (tifferent 
series  semiconductor  heterostructure,  exact 
theory  predicts  a  crossover  at  a  pressure  far 
exceeding  the  transition  pressure  of  each 
semKonductcx,  while  the  other  models  make 
incorrect  predictions.  Pt  denotes  the  lower 
of  the  two  phase  transition  pressures  of  the 
heterostructure  components,  Le.  for  InAs. 
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3.  Characterization  of  Semiconductor  Surfaces  and  Interfaces  with  Femtosecond 
Optical  Pulses  (D.  Auston) 

Optical  techniques  have  proven  to  be  extremely  valuable  probes  of  the  properties  of 
semiconductors.  1  This  report  describes  the  basic  concept  and  preliminary  applications  of  the 
development  of  a  new  non-contacting  technique  for  probing  semiconductor  surfaces  and  interfaces 
with  femtosecond  optical  pulses.  This  approach  measures  the  terahertz  radiation  produced  when 
semiconductor  surfaces  and  interfaces  are  illuminated  with  femtosecond  optical  pulses.^  The 
mechanism  is  believed  to  be  due  to  a  rapid  depolarization  current  arising  fiom  optically  injected 
carriers  in  the  electric  fields  associated  with  the  interface.  The  amplitude  and  phase  of  the 
electromagnetic  radiation  from  the  semiconductor  surfaces  depend  strongly  on  the  material 
parameters  and  the  specific  structure  of  the  interface  region.  We  have  systematically  measured  the 
dependence  of  the  terahertz  radiation  on  the  carrier  mobility,  impurity  doping  concentration,  and 
the  strength  and  polarity  of  the  static  internal  fields.  A  large  selection  of  bulk,  epitaxial  layer  and 
superlattice  samples  fiom  HI-V,  E-VI  and  group  IV  semiconductors  has  been  measured.^-^  The 
amplitude  and  spectral  distribution  of  the  terahertz  radiation  arising  firom  these  samples  has  been 
characterized  and  correlated  with  built-in  static  fields  due  to  surface  depletion  layers, 
metal/semiconductor  Schottky  barriers,  p-n  junctions,  and  strain-induced  piezoelectric  fields  in 
strained-layer  supperlattices. 

When  a  semiconductor  surface  or  interface  is  illuminated  by  an  ultrafast  laser  pulse  with  the 
photon  energy  greater  than  the  semiconductor  bandgap,  photons  are  absorbed,  creating  electron- 
hole  pairs.  If  there  is  a  static  electric  field  at  the  surface  or  interface,  the  electron-hole  pairs  will 
form  a  dipole  moment  that  is  of  opposite  polarity  to  the  field.  If  the  injected  carrier  density  is 
sufficiently  low  to  avoid  complete  screening  of  the  electric  field,  the  depolarization  current  due  to 
the  rapidly  increasing  dipoles  will  radiate.  Since  the  rise  and  fall  times  of  this  current  can  be  very 
fast,  the  radiation  will  be  in  the  terahertz  region  of  the  electromagnetic  spectrum. 
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It  has  recently  been  suggested  that  the  terahertz  radiation  could  also  be  accounted  for  by  a 
virtual  depolarization  current  that  does  not  require  the  generation  of  real  charges.^’*  This  model 
has  recently  attracted  a  great  deal  of  attention  and  appears  to  account  for  the  terahertz  radiation  that 
we  have  seen  when  the  optical  wavelength  is  tuned  just  below  the  band  gap  where  the  absorption  is 
negligible.^  This  effect  has  also  been  analyzed  as  an  inverse  Franz-Keldysh  effect  and  has  been 
given  the  name  “virtual  photoconductivity”.  When  the  photon  energy  is  above  the  band-gap,  it  has 
been  suggested  that  the  virtual  depolarization  effect  can  also  give  rise  to  a  signal  that  will  compete 
with  the  signal  due  to  real  drift  currents.^  The  specific  conditions  for  which  the  real  and  virtual 
currents  ate  expected  to  dominate  is  not  yet  fully  understood.  However,  we  might  expect  that  the 
virtual  current  would  be  more  likely  to  dominate  on  shorter  time  scales  since  the  real  current  is  not 
well  defined  until  the  carriers  have  experienced  a  number  of  collisions,  which  can  require  a  few 
hundred  femtoseconds.  Also,  at  very  high  fields,  the  real  drift  current  will  saturate  due  to  phonon 
emission,  and  is  expected  to  make  a  smaller  relative  contribution. 

As  illustrated  in  Fig.  1,  the  radiation  from  the  semiconductor  surface  has  inward 
(transmitted  direction)  and  outward  (pseudoreflected  direction)  components.  The  tilted  wavefront 
of  the  optical  beam  determines  the  timing  of  the  photocurrent  distribution.  If  the  optically 
illuminated  area  is  comparable  to  or  larger  than  the  radiation  wavelength  (typically  0.5  nmi),  the 
electromagnetic  pulse  is  directional  and  diffraction-limited.  ^0  The  incident  optical  angle  Gop, 
propagating  direction  of  outward  radiated  field  0i  and  inward  radiated  field  02  satisfy  a  generalized 
Fresnel  law: 

ni  (cOop)  sinGop  =  ni(O)ei)sin0i  =  n2  (©el)  sin02 

where  n2(0)ei)  is  the  index  of  refraction  of  radiated  field  of  the  sample,  ni(a)op)  and  ni((0fei)  are  the 
indices  of  refraction  of  the  optical  beam  and  the  radiated  field  outside  of  the  sample,  respectively. 
Since  the  difference  between  ni((ii)op)  and  nifOGfei)  is  negligible  in  the  air,  the  direction  of  the 
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pseudoreflected  (backward)  electxomagnedc  radiation  is  near  the  specular  angle  of  the  laser  beam, 
resulting  in  0op  =  0i. 


Reflected  optical  beam 


Incident  optical  beam 


Figure  1.  Electromagnetic  beams  generated  firom  semiconductor  surface.  The  incident  optical  beam,  the  outward 
radiated  field  and  inward  radiated  field  satisfy  the  generalized  Fresel  law. 

The  amplitude  of  the  radiated  field  strongly  depends  on  the  optical  incident  angle.  For 
example,  the  angular  dependent  radiated  field  as  a  function  of  the  incident  angle  has  the  following 
form: 


E(e)  oc  sin(0)  [1-R(0)]  t(0) 

The  first  term  comes  from  the  radiation  pattern  of  the  dipole  approximation,  the  second 
term  from  the  photocarrier  density  which  is  proportional  to  the  optical  absorption,  and  the  third 
term  from  the  transmission  coefficient  of  the  electromagnetic  wave.  This  equation  can  be  further 
expanded  as: 
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E(0)  oc  sin(0) 


1 _ 

‘tan(0-02)  1^ 

2cos(0)  sin(02) 

1 

ian(0+02)'^ 

.  sin(0+02)  cos(0-02) 

where  02  =  sin‘l(sin(0)/n2)  with  n2  the  index  of  refraction  of  the  radiated  field.  The  maximum 
radiation  direction  is  close  to  the  Brewster  angle,  and  its  amplitude  is  proportional  to  the  optical 
power,  the  carrier  mobility,  and  the  integral  of  the  product  of  the  built-in  field  and  the 
photocarriers. 

For  a  moderate  incident  optical  power  density,  a  reduction  in  the  magnitude  of  the  static 
field  by  the  space  charge  screening  from  the  photocarriers  can  be  ignored.  In  this  case  the  static 
field  is  independent  of  time  and  does  not  change  even  with  the  optical  excitation.  As  a  result,  the 
amplitude  and  polarity  of  the  radiated  electromagnetic  field  in  weak  incident  optical  power  is 
proportional  to  the  strength  and  sign  of  the  static  built-in  field. 

The  radiation  field  is  proportional  to  the  number  of  the  photocarriers,  but  this  is  only  valid 
under  the  assumption  of  low  optical  excitation.  When  the  incident  optical  power  reaches  a  level  at 
which  the  photocarrier  density  is  comparable  to  the  background  doping  density  of  the 
semiconductor,  the  emitted  radiation  will  saturate.  We  can  estimate  an  upper  bound  on  the  radiated 
energy  firom  the  energy  Es  stored  in  the  static  electric  field: 

Es  =  |KE2d 

where  d  is  the  field  length.  For  a  GaAs  sample  with  1  V  across  d  =  0.1  pm,  Es  is  approximately 
50  nJ/cm2.  If  all  the  energy  can  be  released  within  1  ps,  the  upper  bound  on  the  radiated  energy 
from  one  square  centimeter  area  is  50  kW  peak  power. 

The  coherent  detection  of  the  terahertz  pulses  uses  a  photoconducting  dipole  antenna,  fitted 
with  a  3  2  mm  truncated  sapphire  ball  to  enhance  the  collection  efficiency.^l'^^  Wg  had  previously 
developed  this  technology  for  detection  of  terahertz  radiation  from  photoconducting  antennas  with 
external  bias  fields.^®  The  spectral  range  of  our  detector  extended  to  approximately  1  terahertz. 
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Many  varieties  of  samples  of  m-V,  II- VI  and  group  IV  semiconductors  have  been 
measured.  For  the  semiconductors  with  bandgaps  much  larger  than  the  laser  photon  energy 
(hco  =  2  eV),  no  radiation  process  is  expected,  and  this  has  been  verified  by  ZnSe  (Eg  =  2.4  eV) 
and  GaP  (Eg  =  2.2eV).  We  have  achieved  electromagnetic  radiation  from  InP,  GaAs, 
Gai.xAlxAs(x<0.2),  GaSb,  InSb,  CdTe,  CdSe,  Ge  and  Si;  all  these  samples  have  bandgaps  less 
than  the  incident  photon  energy.  The  amplitudes  of  the  radiated  fields  of  different  samples  are 
listed  in  Table  I,  where  the  amplitudes  are  normalized  to  that  of  the  InP  sample.  Si  and  GaSe  show 
moderate  signals,  because  the  absorption  lengths  in  Si  and  GaSe  at  an  optical  wavelength  of 
620  nm  are  approximately  10  times  longer  than  tiiose  in  InP  and  GaAs,  causing  few  carriers  in  the 
depletion  layer  to  contribute  to  the  radiation.  Among  these  samples,  the  radiation  strength  of  semi- 
insulating  InP  is  200  times  stronger  than  that  of  Si.  The  <l(X)>-oriented  semi-insulating  iron- 
compensated  InP,  which  shows  the  strongest  optical  induced  electromagnetic  radiation,  has  been 
analyzed  by  Auger  spectroscopy  and  found  to  have  a  15  angstrom  oxide  layer  on  the  surface. 
Different  semiconductors  show  different  radiated  waveforms. 


Table  I 


Sample 

InP 

GaAs 

CdTe 

CdSe 

InSb 

Ge 

GaSb 

Si 

GaSe 

Ba 

100 

71 

33 

11 

8 

7 

2 

0.5 

<0.1 

Table  I.  The  amplitude  of  the  outward  radiated  field  of  several  semiconductor  samples  at  room  temperature. 


Figure  2(a)  shows  a  typical  waveform  of  the  radiated  field  from  semi-insulating  InP, 
detected  by  the  dipole  antenna  in  the  outward  direction  (45  degrees  relative  to  the  normal)  with  a 
4  mm  nominal  diameter  laser  beam.  Figure  2(b)  is  the  frequency  spectrum  of  the  temporal 
waveform.  A  16.2  degree  diffraction  angle  of  the  radiated  power  has  been  measured  at  far  field. 
This  value  agrees  well  with  the  diffraction  theory  value  of  15  degrees.  The  amplitude  of  the 
radiation  field  is  found  to  be  hnearly  proportional  to  the  low  optical  pulse  energy  from  2  to  100  pJ. 
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Due  to  the  resonance  behavior  of  the  dipole  detector  and  slow  response  of  the  photoconductor,  the 
bandwidth  of  the  radiation  is  limited  by  the  detection  bandwidth.  A  recent  study  of  the  bandwidth 
of  the  radiation  by  using  interferometric  technique  found  a  160  femtosecond  electromagnetic  pulse 
duration  from  InP  sample  with  an  an^litied  laser  beam.^^  The  tiequency  component  ranged  from 
3  to  150  cm'^ 


0  2  4  6  8  10  12 


Time  Delay(ps) 


Frequency  (THz) 

Figure  2.  (a)  Wavefonn  of  the  outward  electromagnetic  radiation  from  a  semi-insulating  InP  with  6op  =  4S 
degrees;  (b)  frequency  spectrum  of  the  tempcral  waveform. 
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We  have  measured  the  angular  dependent  radiation  by  measuring  the  transmitted 
electromagnetic  wave  through  a  0.4  ^im  thick  semi-insulating  InP  wafer  as  a  function  of  the 
incident  angle.  In  this  measurement,  a  0.5x5  cm  InP  wafer  was  placed  in  the  laser  beam  path 
before  the  dipole  detector  and  the  wafer  was  rotated  horizontally  around  its  symmetry  axis  parallel 
to  the  0.5  cm  edge.  The  result  of  the  radiation  field  vs  the  rotation  angle  measurement  is  plotted  in 
Figure  3.  The  solid  dots  are  experimental  data  and  the  curve  is  a  calculation.  The  agreerttent 
between  the  experimental  result  and  calculated  curve  confirms  so  that  the  flow  direction  of  the 
photocurrent  is  normal  to  the  surface.  The  amplitude  ratio  of  the  TM  wave  (polarization  in  the 
incident  plane)  to  TE  wave  (polarization  normal  to  the  incident  plane)  is  over  20:1. 


Figure  3.  (a)  Angular  dependent  experimental  setup.  D  is  a  lOO-iun  dipole  antenna  detector,  (b)  transmitted 
amplitude  of  radiated  field  Et  as  a  function  of  the  rotated  angle  of  InP  with  measured  data  (dots)  and  theotetical 
calculation  (curve). 
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Since  the  direction  of  the  surface  depletion  fields  are  opposite  in  n-type  and  p-type  sanq)les, 
the  radiated  waveforms  fipom  these  samples  should  have  opposite  polarities.  Figure  4  shows  the 
radiated  field  firom  n-type  (n  *  lOl^/cm^)  and  p-type  (p  *  lO^^/cm^)  GaSb  samples.  The  opposite 
polarity  of  the  radiated  fields  fi'om  n-type  and  p-type  samples  indicates  opposite  static  surface 
fields.  The  amplitude  of  the  n-type  sample  is  larger  than  that  of  the  p-type  sample.  This  is 
believed  to  be  due  to  the  different  values  of  the  surface  fields.  Similar  results  were  also  achieved 
fi-om  GaAs  samples  (n,p  =  lO^^/cm^).  We  observed  slight  waveform  shape  changes  between 
n-type  and  p-type  samples.  The  radiation  pulses  firom  the  p-type  samples  have  richer  high- 
frequency  components  than  those  from  the  n-type  samples.  This  difference  also  comes  firom  the 
different  values  of  the  surface  built-in  potential,  resulting  in  different  depletion  widths  and  different 
radiation  waveforms.  For  p-type  GaAs  and  GaSb  samples,  the  surface  fields  are  smaller  and  the 
depletion  widths  are  short  compared  with  those  of  n-type  samples;  therefore,  the  amplitude  of  the 
radiated  fields  from  the  p-type  samples  are  weaker  and  the  pulses  are  faster. 


Log(N) 

Figure  4.  Radiated  waveforms  of  both  n-type  and  Figure  5.  The  amplitude  of  the  outward  radiated 
p-type  bulk  GaSb.  Opposite  polarity  of  the  field  E  vs  the  doping  concentration  N  from  GaAs 

waveform  reflects  the  opposite  direction  of  the  samples  plotted  on  a  logarithmic  scale.  A  slope  of 

depletion  field  of  the  diffoent  type  doped  GaSb  -  0.4  is  measured, 
samples. 
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We  have  investigated  the  strength  and  polarity  of  the  surface  fields  by  using  several  n-type 
and  p-type  GaAs  samples  with  doping  concentrations  from  10^5  to  10^^  /cm^  and  semi- 
insulating  LEG  GaAs  samples.  The  results  are  listed  in  Table  H.  A  higher  doping  concentration 
reduces  the  radiation  field  due  to  the  absorption  of  submillimeter  waves  firom  the  conducting 
substrate.  The  absorption  coefficient  at  submillimeter  wavelengths  is  proportional  to  the  square 
root  of  the  doping  level.  There  are  other  effects  of  doping  which  have  not  been  well  characterized, 
such  as  the  dependence  of  the  transient  carrier  mobility  on  the  doping  level.  In  Table  H,  the  n-type 
samples  show  the  opposite  polarity  compared  with  the  p-type  samples.  As  we  mentioned  before, 
this  difference  is  a  result  of  the  opposite  directions  of  their  depletion  fields  due  to  the  different  type 
of  majority  carrier.  For  the  undoped  GaAs  (LEG),  the  energy  level  of  EL2  makes  it  close  to 
n-type,  therefore  the  waveform  of  the  radiated  field  of  undoped  GaAs  has  the  same  polarity  as  that 
of  n-type  GaAs.  Figure  5  shows  the  amplitude  of  the  outward  radiation  from  doped  GaAs  for  a 
range  of  impurity  concentrations  N,  from  lO^^  /cw?  to  10^^  /cm^  on  a  logarithmic  scale.  A  simple 
analysis  developed  in  the  following  section  predicts  that  the  amplitude  of  Eout  is  proportional  to  the 
inverse  of  the  square  root  of  the  doping  concentration  N,  E  «  We  have  observed  E  N'^-^ 
in  the  GaAs  samples.  The  difference  in  the  exponent  (-  0.5  vs  -  0.4)  comes  from  the  absorption 
and  reflection  of  the  submillimeter  wave  by  the  substrate. 


Table  n 

N  (enr^) 

LEG 

3.5x1015 

6.7x1016 

6.3x1017 

2.0x1018 

1.6x1019 

p  (cm^A'.sec) 

4958 

263 

2975 

1997 

47.4 

p  (Ohm.cm) 

36.1 

35.4 

0.33 

0.153 

0.85 

doping 

n 

n 

P 

n 

n 

P 

Amplitude(au) 

+  1.7 

+  2.02 

-0.47 

+  0.25 

-fO.18 

-0.08 

Table  n.  The  amplitude  of  the  outward  radiated  field  from  GaAs  samples  with  different  doping  concentrations.  The 
polarities  of  the  radiated  fields  from  n-type  samples  and  p-type  samples  are  opposite.  Mobilities  and  resistivities  are 
listed  also. 


The  sign  and  approximatB  magnitude  of  die  surface  fields  at  metal/semiconductor  Schot±y 
barriers  has  also  been  estimated  by  our  measuiements.  This  is  illustrated  in  Figure  6.  Thin  gold 
films  were  evaporated  on  n-type  and  p-type  GaAs  (1 1 1)  wafers  (n,  p  *  IQl^/cm^).  The  thickness 
of  the  gold  films  were  varied  from  40  to  80  angstroms,  which  allows  greater  than  60%  laser  beam 
transmission.  The  wafers  were  chemically  cleaned  and  heated  in  ultrahigh  vacuum  to  550®C  to 
produce  clean  surfaces  prior  to  gold  deposition  in  the  same  vacuum  system.  An  indium  contact  on 
the  back  of  the  sample  was  annealed  to  provide  an  ohmic  contact  The  Schottky  samples  show 
good  rectifying  behavior  in  current-voltage  measurements.  TherefOTe,  a  bias  on  the  Au  film  results 
in  a  uniform  modulation  of  the  electric  field  at  the  semiconductor  surface. 


incident  laser  beam  EM  radiation 


indium  ohmic  contact 


Figure  6.  Schematic  illustration  of  the  outward  radiated  field  from  an  AuA^aAs  Schotdty  Barrier  with  an  external 
bias  (the  inward  radiation  is  not  shown).  For  GaAs  samples  with  a  doping  level  greater  than  10^^  /cnP,  the 
depletion  width  is  less  than  the  photon  absorption  width. 

For  a  moderate  bias  voltage  the  external  potential  is  mainly  applied  across  the  Schottky 
barrier  and  changes  the  depletion  width  W.  Fen*  high  forward  bias,  the  high  current  causes  the 
bulk  resistance  to  reduce  the  potential  affecting  the  Schottky  barrier,  and  the  built-in  field  can  not 
be  completely  eliminated.  For  high  reverse  bias,  the  field  across  the  depletion  region  causes 
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breakdown  of  the  Schottky  diode,  again  limiting  the  effect  of  the  surface  field.  The  externally 
controlled  surface  field  can  be  monitored  by  the  radiated  terahertz  signal. 

We  can  find  a  simple  relation  between  the  radiation  field  and  the  surface  depletion  width  W. 
If  the  depletion  width  W  is  much  less  than  the  optical  absorption  length  a'^  (W«a'^),  which  is 
generally  true  for  carrier  concentrations  N>10**^  /cm^,  the  photocarrier  density  is  nearly  uniform 
within  the  depletion  width.  Furthermore,  Monte  Carlo  calculations  show  that  the  drift  velocity 
saturates  with  the  electric  field  for  fields  greater  than  5  kV/cm.^5  The  calculations  are  based  on  a 
colliding  pulse  mode-locked  (CPM)  laser  pulse  excitation  (100  fs  pulse  duration  and  2  eV  photon 
energy),  and  the  temporal  range  of  the  calculated  velocity  is  over  one  ps.  Therefore  the  drift 
velocity  v  is  saturated  by  the  field  in  the  depletion  region  (not  sensitive  to  the  position  x)  and  can  be 
assumed  to  be  a  constant  With  the  above  approximations,  the  amplitude  of  the  radiated  field  Er  is 
simply  proportional  to  the  depletion  width  W: 

Er«  W 

where  W  depends  on  the  impurity  level  N  and  surface  potential  V. 

Figure  7  shows  the  amplitude  (squared)  of  the  radiated  signal  from  n-type  GaAs  with  a  40 
angstrom  Au  film  vs  applied  bias  voltage.  The  radiated  field  increases  at  a  moderate  reverse  bias 
on  the  n-type  sample  and  saturates  at  higher  reverse  bias.  Basically,  the  reverse  bias  enhances  the 
internal  (built-in)  field  and  increases  the  depiction  width,  while  the  forward  bias  cancels  the  internal 
field.  The  direction  of  reverse  bias  (as  well  as  forward  bias)  of  n-type  and  p-type  Schottky  barriers 
is  opposite.  Since  oe  (V  +  Vbias  -  kT/e),  the  static  built-in  potential  V  can  be  estimated 

from  the  intersection  point  where  Vbias  =  kT/e  -  V  in  Figure  7.  We  have  estimated  that  the  built-in 
field  V  has  a  value  of  0.81  ±  0.05  eV  for  n-type  Au/GaAs  Schottky  sample.  In  principle,  the 
analysis  of  experimental  data  is  analogous  to  electronic  C-V  measurements. 
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Figure  7.  The  amplitude  square  of  the  outward  radiated  field  vs  an  external  bias  voltage  on  the  Schotdcy  barrier 
from  n-type  (positive  bias  voltage  ->  reverse  bias),  where  V^ias  =  1^7‘/e  -  V  at  the  intersection  point 

Similar  to  the  analysis  of  the  n-type  Au/GaAs  Schottky  barrier,  we  have  estimated 
V  =  0.32  ±  0. 1  eV  for  p-type  Au/GaAs  Schottky  barrier.  The  radiated  field  of  n-type  GaAs  at  zero 
bias  is  about  5  times  stronger  than  that  of  p-type.  Also  the  increased  experimental  error  in  the 
p-type  sample  is  from  the  larger  leakage  current  in  our  p-type  Schottky  diode. 

The  misfit  strain  in  a  lattice  misfit  superiattice,  in  general,  can  be  accommodated  by  the 
elastic  deformation  and  misfit  dislocation  formation.  For  a  sufficiently  thin  layer  in  the 
superiattice,  the  tetragonal  distortion  is  the  dominant  process  to  accommodate  the  strain.  The 
macroscopic  polarization  Pi  induced  by  the  strain  is  proportional  to  the  off-diagonal  components  of 
the  strain  tensor,  ejk.  The  strain  induced  polarization  has  a  form  of  Pi  =  2e4iEjk,  with  the 
piezoelectric  coefficient  eai.  Since  ejj  =  0,  the  diagonal  strains  do  not  induce  a  polarization  for 
<100>-growth-axis  strained-layer  superiattice.  Any  other  growth  direction  strained-layer 
superiattices  show  the  strain  induced  polarization.!^  Particulariy  in  a  <1 1 1>  oriented  strained-layer 
superiattice,  the  strain-induced  macroscopic  polarization  generates  an  electric  field  along  the  <1 1 1> 
growth  axis.!"^  The  amplimde  of  this  piezoelectric  field  is  given  by: 
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E<1 1 1>  —  (Cxy  +  £y2  +  £xz) 


The  sign  of  the  off-diagonal  symmetric  strain  tensor  ejk  depends  on  the  biaxial  compression  and 
expansion  (tetragonal  distortion)  of  the  layers.  The  direction  of  the  piezoelectric  field  in  the  layer 
depends  on  the  type  of  distortion  of  the  layer  (contraction  or  expansion)  and  the  grown  face  of  the 
substrate.  For  the  layer  which  has  a  small  lattice  constant  and  suffers  expansion,  the  piezoelectric 
field  firom  an  A-face  (B-face)  superlattice  points  inward  (outward). 

The  ratio  of  the  piezoelectric  fields  of  the  well  1^1  and  the  barrier  1^1  depends  on  the 
lattice  constant  of  the  thick  buffer  layer  grown  on  the  substrate.  The  layers  (barriers  or  wells)  with 
a  lattice  constant  close  to  the  lattice  constant  of  the  buffer  layer  have  a  smaller  strength  piezoelectric 
field,  since  the  layers  have  less  distortion  and  strain.  The  strength  of  the  piezoelectric  fields  in 
some  strained-layer  superlattices  can  be  as  high  as  10^  V/cm. 

The  piezoelectric  field  provides  a  suitable  bias  for  generating  optically  induced 
electromagnetic  radiation.  The  radiated  fields  from  the  strained-layer  superlattices,  such  as 
GaSb/AlSb,  InGaSb/InAs  and  InGaAs/GaAlAs,  have  been  measured  and  analyzed.  The  structures 
of  InGaAs/GaAlAs,  GaSb/AlSb  and  InGaSb/InAs  samples  are  listed  in  Table  HI  to  Table  VI, 
respectively.  All  the  multiquantum  wells  and  superlattices  were  designed  to  have  thick  buffer 
layers.  For  the  lattice  constant  of  the  buffer  layer  equal  to  the  average  lattice  constant  of  the 
superlattice,  the  piezoelectric  field  alternates  in  the  constitute  layers.  For  the  buffer  which  is  lattice 
matched  to  the  quantum  wells  (or  barriers),  the  quanmm  wells  (or  barriers)  have  essentially  no 
distortion,  leading  to  no  strain  and  no  piezoelectric  field.  The  orientation  of  the  piezoelectric  field 
in  the  layer  depends  on  the  distortion  type  of  the  layer  (contraction  or  expansion)  and  the  growth 
face  of  the  substrate.  For  the  well  which  has  a  small  lattice  constant  and  suffers  expansion,  the 
inward  or  outward  direction  of  the  field  depends  on  whether  the  superlattice  is  grown  on  the  A-face 
or  B-face  substrate.  The  piezoelectric  in  <1 1 1>  oriented  strained-layer  superlattices  have  been 
confirmed  by  optical  and  optoelectronic  techniques.  ^^'20 


33 


Table  III 


a _ _ 3A _ _ 4_0 _ 4J. 

P  3.4  7.1  11  18  21 


Table  HI.  The  ratios  of  the  radiated  peak  value  (a=E(T=80K)/E(T=280K))  and  radiated  oiergy  value 
(P=W(T=80K)/W(T=280K))  from  several  semiconductors.  For  comparison,  the  relative  strengths  of  the  radiated  field 
at  300  K  are  shown  also. 

Table  IV 


Table  IV.  The  parameters  of  4  pairs  of  <100>  and  <111>  B  oriented  GaSb/AlSb  superlattices.  Sample  #544a  is 
the  <100>  miented  superlattice,  #544b  is  the  <1 1 1>  oriented  superlattice,  and  so  forth  in  the  other  pairs.  The  top 
layers  are  GaSb. 


Table  V 


Table  V.  The  parameters  of  3  pairs  of  <100>  and  <1 1 1>  B-face  InGaAs/AlGaAs  superlattices.  The  top  layers  are 
GaAs. 
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Table  VI 


sample  # 

Lb  (Ino.4Gao.6Sb)  A 

periods  (N) 

740a,b,c 

40 

40 

50 

Table  VI,  Samples  #740  a,  b  and  c  are  the  InGaSb/InAs  superlattices  having  <100>,  <31  I>B  and  <31 1>A 
orientations.  They  are  type  n,  staggered  superlaitices.  The  top  layers  are  lno.4Gao.6Sb. 

Four  pairs  of  GaSb/AlSb  strained-layer  superlattices  and  one  pair  of  GaSb  thin  film 
samples  grown  on  <100>  and  <1 1 1>B  (4  degrees  off  from  the  <1 1 1>  direction)  oriented  GaAs 
wafers  by  molecular  beam  epitaxy  (MBE)  were  used  in  this  experiment  The  sample  structures  are 
shown  in  Figure  8.  In  the  GaSb/AlSb  quantum  well  structure,  GaSb  (Eg  =  0.69  eV)  forms  the 
quantum  wells,  while  AlSb  (Eg  =1.6  eV)  forms  the  barriers.  The  width  of  the  quantum  wells 
varies  from  100  A  to  400  A  for  different  superlattices.  The  GaSb  films  have  a  thickness  of 
5000  A.  The  conduction  band  and  valence  band  offsets  in  the  superlattices  are  approximately  0.5 
and  0.4  eV,  respectively,  giving  strong  spatial  confinement  for  both  electrons  and  holes.  The 
superlattice  and  film  samples  arc  not  intentionally  doped;  Hall  measurements  show  that  all  samples 
are  p-type  and  have  a  typical  impurity  level  of  8.2  x  lOl^/cm^. 

<I00>  ii<Hl>  GaSb  films  (b)  <100>  GaSblAlSb  superlaaiee  (c)  <11 1>  GaSb/AlSb  superUitace 

|Fd 


GaSb  5000  A 
AlSbl2  nm 
<100>A<J11>  GaAs 


GaSb  80  A 

GaSbSOA 

AlSb  Lb 

AlSb  Lb 

GaSb  Lw 

GaSb  Lw 

AlSb  12  urn 

AlSbl2  fim 

<100>  GaAs 

<11 1>  GaAs 

^Fd 

fFs 


Figure  8.  The  schematic  stnictures  of  GaSb/AlSb  superiatbce  and  GaSb  thin-film  samples.  Fj  and  are  the 
surface  depletion  field  and  the  strain-induced  field,  respectively.  The  directions  of  the  fields  are  labeled  as  the 
directions  of  the  arrows. 
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The  Fermi  level  in  these  p-type  samples  "pins"  the  energy  bands  downward  near  the 
surface  and  forms  the  depletion  field  having  a  direction  inward  to  the  substrates.  The  samples 
should  show  the  same  p-type  behavior  in  the  electromagnetic  waveforms  if  the  only  contribution  to 
the  radiation  is  from  the  surface  depletion  layer.  A  larger  radiation  amplitude  from  the  GaSb  films 
than  that  from  the  superlattice  GaSb  cap  layer  (80  A  thick)  is  expected  due  to  the  greater  number  of 
photocarriers  in  this  region.  When  the  strain-induced  electric  field  contributes  to  the 
electromagnetic  radiation,  the  waveforms  fr-om  the  <1 1 1>  oriented  GaSb/AlSb  superlattices  should 
be  very  different  from  the  others.  For  a  free-standing  <1 1 1>  oriented  strained-layer  superlattice, 
piezoelectric  fields  exist  both  in  the  wells  and  the  barriers,  and  their  directions  are  opposite.  With  a 
thick  (1.2  pm)  AlSb  as  a  buffer  layer  for  the  superlattice,  the  lattice  distortion  in  the  AlSb  barriers 
is  much  less  than  in  the  GaSb  wells,  and  the  strain  in  the  AlSb  barriers  is  negligible  compared  with 
that  in  the  GaSb  wells.  Furthermore,  in  <1 11>  oriented  GaSb/AlSb  superlattices  with  the  optical 
excitation  energy  of  2  eV,  the  radiation  from  the  quantum  barriers  is  much  weaker  than  that  from 
the  quantum  wells  because  of  the  moderate  field  strength  and  smaller  absorption  coefficient 
(indirect  band  minimum  for  AlSb,  direct  band  minimum  for  GaSb)  in  the  barriers.  Since  the 
<1 1 1>  oriented  superlattices  were  grown  on  <11 1>  B-face  substrates,  the  direction  of  the  strain- 
induced  field  in  the  GaSb  quantum  wells,  which  have  a  smaller  lattice  constant  and  suffer 
compression,  points  outward,  opposite  to  the  surface  depletion  field  for  p-type  samples.  The 
strain-induced  field  overrides  the  surface  and  barrier  fields,  resulting  in  an  outward  macroscopic 
electric  field. 

The  samples  were  mounted  in  a  cryostat  at  a  temperature  of  about  80  K,  with  their  front 
surfaces  aligned  to  the  same  plane  to  equalize  the  timing  for  the  temporal  waveform  measurement. 
The  incident  angle  of  the  laser  beam  was  55  degrees  and  the  optical  power  density  on  the  sample 
was  3  mW/cm^.  The  radiated  electromagnetic  pulses  at  the  specular  angle  were  collected  by  two 
gold-coated  off-axis  parabolic  mirrors  and  were  focused  on  a  photoconducting  antenna  by  an 
attached  sapphire  lens.  Figure  9  shows  the  radiation  waveforms  from  two  GaSb  films  and  a  pair 
of  superlattices  (samples  #544a,b)  at  80  K.  The  waveforms  (p-type  samples)  from  the  surface 
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depletion  fields  of  the  two  GaSb  films  and  the  <1(X)>  superlattice  are  similar,  while  the  waveform 
from  the  <1 1 1>  superlattice  is  tike  that  of  an  n-type  sample,  opposite  fix)m  the  others,  as  we  expect 
from  the  opposite  direction  of  the  strain-induced  field.  The  radiation  from  the  piezoelectric  field  in 
the  <1 1 1>  superlattice  clearly  overrides  the  contribution  from  the  surface  depletion  field.  The 
amplitude  (absolute  value)  from  the  <1 1 1>  superlattice  is  8.6  times  larger  than  that  from  the  <100> 
superlattice.  The  other  three  pairs  of  GaSb/AlSb  superlattice  samples  show  similar  behavior.  The 
waveforms  radiated  from  the  <1 1 1>  superlattices  are  opposite  to  those  firom  the  <1{)0> 
superlattices. 


Figure  9.  Waveforms  of  optically  induced  electromagnetic  radiation  from  <100>  and  <1 1 1>  oriented  GaSb  films 
and  GaSb/AlSb  superlattice  samples  #544a,b.  The  waveform  from  the  <1 1 1>  superlatdce  is  opposite  to  the  others 
due  to  the  piezoelectric  field  in  strained  quantum  wells  opposite  to  the  surface  depletion  fields  in  the  p-type  GaSb  cap 
layers. 


A  pulse  duration  of  450  fs  (full  width  at  half  maximum)  is  measured  for  the  <1 1 1> 
superlattice  and  800  fs  for  the  films  (without  deconvolution).  The  time  domain  waveforms  were 
transformed  to  the  frequency  domain  for  a  better  comparison.  Figure  10  shows  the  frequency 
spectrum  of  the  <1 1 1>  film  and  the  <1 1 1>  superlattice.  The  spectrum  of  the  film  peaks  at  0.4 
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THz  while  the  spectrum  of  the  <1 1 1>  superlattice  is  completely  limited  by  the  detector  response, 
which  has  been  calibrated  by  electro-optic  Cherenkov  radiation  from  a  LiTaOs  crystal.  We  also 
observed  that  the  spectra  from  the  <1 1 1>  superlattices  with  narrower  well  widths  are  richer  in 
high  frequency  components  than  the  spectra  from  wider  wells,  but  have  lower  amplitudes  due  to 
the  poor  antenna  efficiency  at  the  higher  frequencies. 


0  0.2  0.4  0.6  0.8  1  1.2  1.4 

Frequency  (THz) 


Figure  10.  Fourier  spectra  of  the  temporal  waveforms:  (a)  <1 1 1>  oriented  GaSb  film;  (b)  <1 1 1>  oriented 
GaSb/AlSb  superlattice  sample  #344b. 

We  also  measured  the  radiation  from  strained-layer  InGaAs/GaAlAs  superlattices.  The 
experimental  setup  is  identical  to  that  for  GaSb/AlSb.  The  structures  of  <100>  and  <1 1 1>- 
oriented  lno.2Gao.8As/Gao.6Alo.4As  samples  (#428a,  b)  is  shown  in  Figure  1 1.  The  radiated 
signals  from  the  samples  are  (#428a,  b)  plotted  in  Figure  12.  Once  again,  similar  to  the  data  from 
the  GaSb/AlSb  sample,  the  radiation  from  the  <100>-oriented  InGaAs/GaAlAs  sample  is  weaker 
than  that  from  the  <1 1 1>  sample,  and  opposite  polarity  of  the  waveforms  is  observed. 

(a)  <111>  MQW  (b)  <100>  MOW 


Figure  11.  The  schematic  structures  of  strained-layer  InGaAl/GaALAs  superlattices. 
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Figure  12.  Waveforms  of  the  radiated  field  from  the  <100>  and  <1 1 1>  oriented  InGaAl/GaAlAs  superiattices. 

Three  Gao.6lno.4Sb/InAs  samples  (with  <1(X)>,  <311>A  and  <311>B  orientations)  grown 
by  molecular  beam  epitaxy  (MBE)  were  used  in  our  experiment.  The  samples  grown  on  GaAs 
substrates  have  a  1-pm  AlSb  buffer  layer  followed  by  50  periods  Gao.6lno.4Sb/InAs  superlattice, 
as  shown  in  Figure  13.  The  thickness  of  each  layer  is  40  A.  The  cap  layer  is  40  A  Gao.6lno.4Sb. 
The  Gao.6lno.4Sb  layers  with  the  larger  lattice  constant  contract  as  a  result  of  biaxial  compressive 
stress,  whereas  the  InAs  layers  with  the  smaller  lattice  constant  expand  due  to  a  biaxial  tensile 
stress.  The  presence  of  the  strain  leads  to  the  change  of  the  energy  band  structure.  The  valence 
band  of  Gao.6lno.4Sb  is  overlapping  the  conduction  band  of  InAs  by  approximately  100  meV, 
forming  a  staggered  stracture,  with  the  electron-confinement  in  InAs  and  hole-confinement  in 
Gao.6lno.4Sb  at  thermal  equilibrium.  Since  the  direction  of  the  strain-induced  polarization 
macroscopically  depends  on  the  orientation  of  the  dipoles  formed  by  the  displacement  of  the 
cations  and  anions  under  the  strain,  the  piezoelectric  field  which  is  proportional  to  the  polarization 
is  expected  to  have  equal  strength  but  opposite  direction  in  A-face  (cation  is  on  the  tt^  surface)  and 
B-face  (anion  is  on  the  top  surface)  <31 1>  superiattices. 
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Figure  13.  The  schematic  structures  of  Ga^  ^Ino^Sb/InAs  superlattices. 

In  contrast  with  the  GaSb/AlSb  superlattice  of  which  AlSb  is  an  indirect  bandgap  material, 
both  the  constituent  layers  of  the  GalnSb/InAs  superlattice  are  direct  bandg^  materials.  Due  to  the 
AlSb  buffer  which  has  lattice  constant  between  that  of  Gao.6lno.4Sb  and  InAs,  Gao.6lno.4Sb  and 
InAs  have  opposite-oriented  piezoelectric  fields.  The  absorption  coefficient  of  Gao.6lno.4Sb  is 
about  3  times  larger  than  that  of  InAs,  resulting  in  over  200  times  the  carriers  absorbed  in 
Gao.6lno.4Sb  layen  than  in  InAs  layers,  and  the  Gao.6lno.4Sb  layer  suffers  more  strain  due  to 
more  lattice  distortion  than  InAs  on  a  thick  AlSb  buffer.  If  the  piezoelectric  coefficients  from 
Gao.6lno.4Sb  and  InAs  are  of  the  same  order,  the  radiated  signal  from  the  Gao.6lno.4Sb  layers  will 
override  the  signal  from  the  InAs  layers. 

For  a  zincblende  strained-layer  superlattice,  a  <100>  or  <1 10>  oriented  sample  does  not 
have  a  strain-induced  piezoelectric  field;  the  only  static  electric  field  is  the  surface  depletion  field. 
Superlattices  with  other  orientations  have  the  strain-induced  piezoelectric  field.  The  radiation  from 
a  <31 1>  oriented  superlattice  has  contributions  both  from  the  surface  depletion  field  and  from  the 
piezoelectric  field,  whereas  the  radiation  from  a  <10Q>  oriented  superlattice  has  a  contribution  only 
from  the  surface  depletion  field.^  The  waveforms  of  the  optically  induced  radiation  from  three 
samples  are  plotted  in  Figure  14.  The  signal  radiated  from  the  <3 1 1>A  sample  clearly  shows  an 
opposite  polarity  compared  with  that  ftom  the  <31 1>B  sample.  The  amplitude  of  the  signal  from 
sample  <3 1 1>A  is  smaller  than  that  from  sample  <3 1 1>B,  due  to  the  surface  depletion  field 
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cancellation.  If  we  assume  the  amplitude  of  the  radiated  signals  is  porportional  to  the  internal  field, 
the  detected  signal  S,  which  is  proportional  to  the  radiated  field,  can  be  written  as: 

S<ioo>  =  S(?s) 

S<3ll>A  =  S(^s)-S(?p) 

S<3ii>B  =  S(]^s)  +  S(^p) 

where  is  the  surface  depletion  field,  which  does  not  strongly  depend  on  the  crystal  orientation, 
and  ?p  is  the  average  macroscopic  piezoelectric  field  in  Gao.6lno.4Sb  layers.  The  amplitudes  of 
radiated  signals  from  the  surface  depletion  field  and  piezoelectric  field  can  be  further  expressed  by 
the  measured  signals  from  three  samples  S<ioo>,  S<3ii>a  and  S<3ii>b  as: 

S(2s)  =  S<  100>  =  7  (S<3n>A  +  S<3n>B) 

S(]^p)  =  j(S<3n>B  -  S<31I>a) 

The  peak  amplitudes  of  the  waveforms  in  Figure  14  have  the  values  S<ioo>  =  0.35, 

S<3il>A  =  -  0.5,  and  S<3ii>b  =  1.2,  separately.  These  measured  data  fit  exactly  with  the 
foregoing  equations.  The  good  agreement  between  the  experimental  data  and  the  calculated  result 
suggests  that  the  <311>A  and  <311>B  oriented  superlattice  sanq)les  are  of  very  high  quality. 


41 


0  2  4  6  8  10  12  14 

Time  Delay  (ps) 


0  2  4  6  8  10  12  14 

'Hme  Delay  (ps) 


Figure  14.  Wavefonns  of  optically-induced  electromagnetic  radiation  from  <311>A,  <311>B  and  <100>  oriented 
GaQ  5lno.4Sb/InAs  superlattices,  llie  waveform  from  the  <311>A  oriented  superlattice  is  opposite  to  the  others  due 
to  the  piezoelectric  field  in  <3 1 1>A  oriented  superlattice  being  opposite  to  the  <3 1 1>B  oriented  superlattice  and  the 
surface  dqtledon  field  in  the  c^  layer. 


The  Gao.6lBo.4Sb/InAs  superlattices  used  here  aie  not  intentionally  doped;  Hall 
measurements  show  that  samples  are  weakly  p-type.  Using  the  direction  of  the  surface  depletion 
field  which  points  inward  to  the  substrate  as  a  reference  to  calibrate  the  field  orientanon,  we  find 
that  the  piezoelectric  field  in  Gao.6lno.4Sb  layers  (not  including  the  cap  layer)  is  antiparallel  to  the 
surface  depletion  field  in  the  <31 1>A  sample  and  parallel  in  the  <31 1>B  sample.  Due  to  the 
opposite  direction  of  the  piezoelectric  field  in  the  alternative  layer,  a  vis-a-vis  result  can  be  achieved 
in  the  InAs  layers  of  Gao.6lno.4Sb/InAs  superlattices.  Following  a  similar  analysis,  this  technique 
can  be  also  extended  to  probe  the  field  in  other  crystal  orientations. 

We  have  also  tested  the  radiated  signals  from  several  <1 1 1>  oriented  GaSb/AlSb 
superlattices.  The  data  from  the  <1 1 1>  GaSb/AlSb  superlattices,  similar  to  the  <3 1 1> 
GalnSb/InAs  superlattices,  showed  an  opposite  polarity  between  the  A-face  and  the  B-face 
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samples,  but  their  amplitudes  did  not  agree  with  our  aiidlysis.  This  was  perhaps  due  to  the 
different  sample  quality,  although  they  were  grown  under  the  same  growth  condition. 

A  key  question  that  remains  to  be  answered  is  the  identification  of  the  physical  mechanism 
for  the  terahertz  radiation.  As  mentioned  earlier,  it  is  possible  that  an  important  contribudon  to  the 
signals  could  come  from  a  virtual  depolarization  current,  even  when  the  photon  energy  is  well 
above  band  gap.  Our  measurments  in  the  strained  layer  superlattices  seem  to  be  consistent  with 
this  possibility.  At  the  very  high  fields  in  these  structures,  we  would  expect  the  real  drift  currents 
to  be  saturated.  Also,  the  size  of  the  wells  is  too  short  for  a  well  established  drift  current  to 
develop,  so  that  on  this  time  scale,  the  signals  may  be  due  primarily  to  a  virtual  depolarization 
effect  Further  measurements  in  samples  where  the  field  can  be  carefully  controlled  are  necessary 
to  resolve  this  issue. 
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C.  FUNDAMENTALS  OF  PROCESSING  GAS/SURFACE  INTERACTIONS 

1 .  Quantum  State-Resolved  Studies  of  Gas/Surface  Chemical  Reactions 
(G.  Flynn) 

Our  efforts  over  the  past  five  years  have  been  aimed  at  the  detection  of  chlorine  atoms  and 
studies  of  their  chemical  reactions;  the  production  and  detection  of  hot  electionAnolecule  collisions 
by  a  novel  new  technique;  and  a  new  effort  to  use  lasers  and  laser  photochemistry  to  enhance  the 
sensitivity  and  selectivity  of  scanning  tunneling  microscopy.  These  experiments  are  providing  data 
of  fundamental  interest  for  polymer  etching,  semiconductor  surface  etching  and  preparation,  and 
plasma  etching  environments. 

a.  Chemical  Dynamics  of  the  Reaction  between  Chlorine  Atoms  and  Deutcrated 
Cyclohexane:  We  have  studied  the  reaction  of  Cl  atoms  produced  by  excimer  laser  photolysis  of 
NOCl  precursor  molecules: 

NOCl  +  hv  (193  nm)  Cl  +  NO  (1) 

This  precursor  produces  Cl  atoms  with  an  average  translational  energy  estimated  to  be 
approximately  16.4  kcal/mole  (0,8  eV).  The  chlorine  atoms  then  react  with  C6D12  to  form  DQ: 

Cl  +  C6D12  — »  CgDi  1  +  DCl  (2) 

DCl  products  are  probed  by  time-resolved  infrared  absorption  spectroscopy  with  a  high  resolution 
(~0.(XX)3  cm'*)  lead- salt  tunable  diode  laser: 

DCl  (vJ,V)  +  hv  (~4.9  pm)  DCl  (v±l,  J±l,  V)  (3) 
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where  v  J,  and  V  are  the  vibrational  quantum  number,  rotational  quantum  number,  and 
translational  velocity,  respectively. 

We  showed  that  Cl  atoms  with  either  0.4  eV  or  0.8  eV  of  energy  give  cold  DCl  rotational 
distributions  with  hot  translational  energy  distributions  (large  DCl  recoil).  Most  of  the  energy  of 
the  Cl  atoms  goes  into  the  translational  recoil  of  the  DCl  and  not  into  the  rotational  or  vibrational 
degrees  of  freedom. 

These  results  clearly  represent  nonstatistical  partitioning  of  energy  into  rotationally  cold, 
but  translationally  hot  DCl  molecules.  The  data  strongly  suggests  a  direct  abstraction  mechanism 
with  a  collinear  C....D....C1  recoil  geometry  for  the  transition  state.  The  Cl  atom  does  not 
necessarily  have  to  approach  in  a  linear  configuration;  even  with  non-collinear  approach,  a  very 
small  motion  of  the  light  D  atom  can  produce  a  collinear  transition  state  which  then  rapidly  falls 
apart. 

The  observation  of  such  a  simple  mechanism  for  a  reaction  between  a  large  gas  phase 
molecule  and  an  atom  raises  the  question  as  to  whether  reactions  between  atoms  and  thin  film 
surface  polymers  might  also  exhibit  similar  behavior.  Efforts  to  answer  this  and  other  questions 
regarding  the  reactivity  of  Cl  atoms  are  continuing  in  our  laboratory. 

b.  Photoproduction  and  Scattering  of  Hot  Electrons:  We  have  recently  discovered  a  simple 
method  for  producing  hot  electrons  and  studying  their  collisions  with  molecules  in  the  gas  phase. 
A  key  and  novel  feature  of  the  experiments  is  the  resolution,  0.(X)03cm-l  or  approximately  4x10^ 
eV!  This  compares  with  standard  electron  scattering  experiments  which  have  a  typical  energy 
resolution  of  about  80  cm'^  or  10  meV.  The  high  resolution  is  obtained  by  observing  the 
molecular  collision  partner  rather  than  the  scattered  electron  as  is  normal  in  most  electron  scattering 
experiments.  Such  studies  can  provide  fundamental  insight  into  the  mechanisms  and  processes 
which  are  important  in  plasma  etching  reactors.  Considerable  interest  in  this  technique  has  been 
exhibited  by  scientists  working  on  plasma  etching  diagnostics  at  the  IBM  East  Fishkill  facility. 
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In  brief  the  method  is  as  follows:  Electrons  are  produced  in  a  pulse  by  two  photon  excimer 
laser  photoionization  of  I2  molecules. 

l2+hv(193  nm)->l2(D)  l2(D)+hv(193  nm)^l2+4«(0-3  eV) 

The  electrons  then  collide  with  other  species  in  the  sample,  producing  vibrationally  excited 
molecules, 

e+M-^M(vJ,V)+e 

where  V  denotes  the  level  of  vibrational  excitation,  J  the  level  of  rotational  excitation,  and  V  the 
velocity  recoil  of  species  M.  The  M(v  J,V)  species  are  detected  using  infiared  diode  laser  radiation 
having  a  frequency  purity  of  0.0003  cm'l.  A  brief  summary  of  the  results  obtained  so  far  in  the 
study  of  a  variety  of  collision  partners  M  is  as  follows:  The  electron  imparts  essentially  no  angular 
momentum  or  translational  recoil  to  the  molecule.  In  essence,  the  electron  is  so  light  that  at  the 
energies  available  in  this  particular  experiment  (0-3  eV),  it  cannot  impart  any  significant  momentum 
to  the  heavy  M  species.  Vibrational  energy  is  quite  another  matter,  however.  We  find  that  aU 
vibrational  modes  are  excited  efficiendy.  The  relatively  high  efficiency  of  exciting  vibrational 
states  is  due  to  the  strong  interaction  of  the  electron  with  the  molecular  electronic  structure. 

We  have  also  constructed  an  apparatus  to  measure  direcdy  the  electron  "pressure"  in  these 
experiments  using  a  simple  axial  magnetic  field  and  a  pick-up  coil  around  the  sample  cell.  When 
the  laser  photoionizes  the  I2,  the  electrons  so  produced  exclude  magnetic  flux  from  the  center 
region  of  the  sample  tube.  This  produces  a  detectable  electronic  signal  in  the  pick-up  coil  wrapped 
around  the  cell.  We  have  measured  the  current  induced  in  such  a  coil  when  photoionization 
occurs.  The  signal  shows  both  production  and  cooling  of  the  electrons  and  can  be  used  to 
determine  electron  density.  Such  a  measurement  is  necessary  in  order  to  obtain  cross  sections  for 
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electron  excitation  of  molecules,  a  paranseter  of  key  interest  to  scientists  at  the  IBM  East  Fishldll 
facility  working  on  the  fundamental  physical  processes  of  importance  in  plasma  etching  reactors. 


c.  Scanning  Tunneling  Microscopy  and  Laser  Photochemistry:  During  the  past  year 
an  exploratory  research  program  involving  the  scanning  tunneling  microscope  (STM)  and  its 
application  to  imaging  molecular  systems  and  novel  materials  was  begun.  A  substantial  portion  of 
these  initial  efforts  have  been  concerned  with  the  characterization  of  highly  conducting  organic 
materials  based  on  charge  transfer  salts.  These  have  included  both  materials  in  traditional  single 
crystal  form  and  those  fabricated  as  thin  films  using  recently  developed  vacuum  evaporation 
techniques.  There  is  significant  potential  for  the  STM  to  contribute  in  the  characterization  of  these 
materials,  especially  in  the  case  of  those  fabricated  as  thin  films.  This  is  due  to  the  ease  of  sample 
preparation  and  the  capability  of  the  STM  to  examine  only  the  local  surface  electronic  properties 
and  structure.  In  addition,  the  STM  is  unique  in  its  ability  to  ascertain  both  the  presence  of  defects 
and  the  effects  of  doppant  molecules  on  the  atomic  scale.  Research  in  the  area  of  organic  charge 
transfer  systems  is  very  active  due  to  the  potential  application  of  these  materials  in  electronic  and 
optical  device  fabrication,  as  well  as  in  attempts  to  develop  new  and  better  superconducting 
materials.  In  our  work,  thin  films  formed  from  the  donor  molecule  tetrathiafulvalene  (TTF)  and 
iodine  have  been  studied.  These  films  are  fabricated  on  freshly  cleaved  mica  substrates  using  a 
vacuum  co-deposition  technique  similar  to  that  described  recently  in  the  literature.  A  similar  study 
of  crystals  of  a  charge  transfer  complex  foniKd  from  a  new  donor  molecule, 
dimethyltetrathiatetracene  (DMTTT),  with  the  well  known  acceptor  molecule 
tetracyanoquinodimethane  (TCN(2)  also  yielded  interesting  structural  details. 

One  particular  long  term  goal  of  this  effort  is  to  develop  STM  techniques  in  which 
molecules  adsorbed  on  surfaces  and  other  surface  features  could  be  "labeled"  via  their  optical 
response.  Our  efforts  in  these  smdies  are  aimed  at  improving  techniques  for  using  scanning 
tunneling  microscopy  to  image  molecules  which  can  be  adsorbed  on  or  bonded  to  surfaces  such  as 
highly  ordered  pyrolitic  graphite  (HOPG)  and  crystalline  gold  films  which  have  well  known 


surface  structures  that  can  be  easily  characterized  using  the  STM.  In  particular  we  are  testing 
methcxis  using  light  emitted  from  the  adsorbates  (induced  by  scattering  via  the  tunnel  electrons)  to 
"brighten"  the  adsorbate  image.  Such  an  approach  will  take  advantage  of  our  expertise  with  optical 
techniques  and  photon  detection  and  our  knowledge  of  relaxation  processes,  which  inevitably  play 
a  critical  role  in  any  luminescence  experiment.  Improved  methods  of  imaging  large  molecules 
adsorbed  on  surfaces  offer  the  possibility  of  determining  structure  and  conformation  in  a  rapid  and 
simple  manner.  In  addition,  if  this  approach  is  successful,  it  will  greatly  enhance  the  potential  to 
observe  and  identify  chemical  reactions  occurring  on  both  conducting  and  semiconducting 
surfaces. 

The  experimental  program  which  we  have  undertaken  involves  the  "wedding"  of 
established  optical  experimental  methods  with  the  scanning  tunneling  microscope.  Our  primary 
objective  in  the  development  of  these  new  experimental  techniques  is  the  identification  and 
characterization  of  adsorbed  molecules  on  weU  studied  surfaces.  The  main  thrust  of  this  program 
is  the  spatially  resolved  collection  and  spectral  analysis  of  light  Guminescence)  emanating  from  the 
turuieling  junction  of  an  operating  STM,  where  the  excitation  of  optically  emitting  adsorbate  states 
has  been  induced  by  "collisions"  with  the  tunnel  electrons.  These  tunneling  electrons  interact 
strongly  with  tip-induced  localized  plasmon  modes,  and  thus  the  overall  photon  emission  is  greatly 
enhanced  as  compared  to  more  traditional  electron  induced  photoerrtission  experiments.  The 
information  contained  in  the  optical  signals,  combined  with  the  extremely  high  spatial  resolution  of 
the  STM,  will  provide  molecular  imaging  capabilities  which  are  superior  to  ordinary  STM 
experiments.  A  key  feature  of  these  experiments  is  the  use  of  optical  methods  to  enhance  or 
"brighten"  the  image  of  the  adsorbates  by  light  emission  or  absorption  while  at  the  same  time 
maintaining  superb  spatial  resolution  via  the  STM.  Because  the  tunneling  p)rocess  is  highly 
localized  to  a  region  of  the  surface  which  is  the  dimension  of  an  atom,  the  inelastic  electron 
scattering  that  leads  to  photon  emission  is  similarly  localized.  Thus,  photon  emission  can  be 
directly  correlated  with  a  region  of  the  surface  which  is  of  atomic  or  molecular  dimension. 

Previous  optical/STM  studies  have  largely  concentrated  on  metal  and  semiconductor  surfaces,  and 
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only  recently  have  experiments  been  reported  for  thin  copper  phthalocyanine  films.  The 
indications  from  these  reported  experiir«nts  are  that  reasonable  photon  emission  fluxes  can  be 
obtained  with  nanometer  spatial  resolution  using  typical  STM  operating  conditions. 


2.  Photochemical  and  Photophysical  Probes  of  Interfaces  (N.Turro) 

The  research  program  supported  by  this  ONR  grant  has  explored  the  use  of  photochemical 
processes  which  can  serve  as  probes  to  characterize  the  structure  and  dynamics  of  reactions  which 
occur  at  a  variety  of  interfaces.  Interfacial  chemistry  is  critical  to  many  aspects  of  the 
microelectronics'  industry  and  for  the  development  of  new  materials  and  the  development  of  novel 
nanostructures.  Accordingly,  we  have  emphasized  investigation  of  fundamental  processes  that 
will  reveal  global,  fundamental  principles  which  arc  likely  to  have  a  general  impact  on  the  field. 
The  accomplished  research  has  involved:  (1)  studies  of  the  modification  of  photochemical 
reactivity  of  ketones  adsorbed  on  the  internal  surfaces  on  zeolites;  (2)  studies  of  the  structure 
dependent  photoinduced  election  transfer  between  cations  adsorbed  on  the  surface  of 
polyelectrolytes;  and,  (3)  studies  of  the  conformation  of  polymers  adsorbed  on  solid  interfaces. 

The  photolysis  of  aryl  alkyl  ketones  adsorbed  on  the  surface  of  faujasite  zeolites  has  been 
shown  to  be  controlled  by  the  nature  of  the  exchangeable  compensating  cations  associated  with  a 
framework  of  the  internal  surface  of  the  zeolite.*  In  a  related  study,  the  photochemistry  of 
a-alkyldibenzyl  ketones  adsorbed  on  the  internal  surface  of  zeolites  has  been  shown  to  depend  on 
the  exchangeable  cation.^  Photolysis  of  macrocylic  mono  and  diketones  adsorbed  in  faujasite 
zeolite  have  been  shown  to  yield  products  resulting  from  cleavage  of  the  a-caibon  bond,  which 
are  not  observed  in  isotropic  media.^  The  reaction  has  been  shown  to  be  dependent  on  the  nature 
of  the  charge  compensating  cation  associated  with  the  zeolite  framework.  These  results  represent 
a  novel  form  of  catalysis  in  which  a  reaction  may  be  "tuned"  by  changing  cations  which  behave  as 
catalytic  spectators  for  specific  reaction  pathways. 
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One  of  the  first  examples  of  bimolecular  photochemical  reactions  of  organic  molecules 
adsorbed  on  the  internal  surface  of  zeolites,  the  dimerization  of  acenaphthylene,  was  investigated 
by  both  product  analysis  and  time  resolved  laser  flash  photolysis.'^  The  ratio  of  dimers  formed 
was  found  to  depend  on  the  type  of  cation  present  in  the  supercage,  in  analogy  to  the  cation 
dependence  of  the  photolyses  of  ketones.  Dimerization  is  proposed  to  originate  from  the  excited 
singlet  state  for  lower  atomic  number  cations  and  from  the  triplet  state  in  the  case  of  higher  atomic 
number  cations.  The  results  were  employed  to  deduce  the  distribution  and  migration  of  molecules 
within  the  zeolite  internal  surface. 

In  addition  to  the  photochemical  investigation  of  "dry"  systems,  it  has  been  found  that 
zeoUte-solvent  systems  are  convenient  for  the  control  of  photoreactions,  both  intermolecular  and 
intramolecular.^  The  occurrence  of  solvent  in  the  supercages  of  faujasites  provides  constraints  on 
the  mobility  of  the  included  guest  molecules,  which,  in  turn,  controls  the  difference  in  the  product 
distribution.  These  results  add  still  another  dimension  to  the  control  of  reactions  on  porous 
solids. 

The  investigation  of  photoinduced  election  transfer  between  a  donor  and  acceptor  pair 
adsorbed  on  the  surface  of  the  novel  particles,  starburst  dendrimers,  has  been  investigated  in 
detail.^  The  electron  transfer  event  was  found  to  depend  on  the  size  of  the  dendrimer,  whose 
diameter  was  systematically  varied  from  60  A  to  200  A.  The  increase  in  size  is  accompanied  by  a 
decrease  in  the  rate  constant  for  election  transfer.  It  was  also  demonstrated  that  a  similarity  exists 
between  the  behavior  of  the  electron  transfer  on  dendrimers  and  micellar  aggregates. 

A  novel  phosphorescence  probe  of  polyiror  conformation  and  interpolymer  interactions 
was  synthesized.^  The  phosphorescence  lifetime  was  found  to  be  pH  dependent,  dependent  on 
the  inclusion  of  complementary  polymers,  and  dependent  on  the  conformations  of  the  polymer 
adsorbed  on  a  solid-liquid  interface. 

The  conformation  of  polyacrylic  acid  adsorbed  on  alumina  has  been  investigated 
simultaneously  with  various  flocculation  properties  by  employing  a  spectroscopic  fluorescence 
probe  technique.^  The  results  show  that  polymer  conformation  is  a  controlling  factor  of  the 
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flocculation  process.  Under  fixed  pH  conditions,  the  stretched  polymer  (which  dangles  into  the 
liquid  at  the  solid/liquid  interface)  gives  better  flocculation  than  the  coiled  polymer  'which  sites  at 
the  interface). 

The  adsorption  of  cations  to  a  polyelectrolyte  such  as  DNA  has  been  investigated  by  time 
resolved  luminescence.^  The  mechanism  and  nature  of  binding  has  been  shown  to  be  a  rational 
function  of  the  ligands  associated  with  the  cations. 

The  interaction  of  an  aiuoiuc  fluorescence  probe  has  been  employed  to  investigate  the 
formation  of  micellar  aggregates  and  premicellar  aggregates,  it  was  shown  that  the  interactions 
are  a  sensitive  function  of  the  complementary  stmctures  of  the  surfactant  making  up  the  micelle 
and  the  probe  structure. 
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